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Abstract 
A study to upgrade the linear accelerator system at the Plasma and Beam Physics (PBP) Research Facility at Chiang 
Mai University (CMU) to be an injector system for an infrared free-electron laser (IR FEL) is underway. The current 
PBP linac system consists of an S-band thermionic cathode RF-gun, a bunch compressor in a form of alpha-magnet 
and a SLAC-type linear accelerating structure. Since characteristics of the emitted FEL light strongly depend on 
electron beam properties, a dedicated work to develop and optimize the injector system to drive the FEL is 
particularly important. In this paper, the results of numerical study to optimize the longitudinal electron beam 
properties as well as some preliminary results of FEL simulations are presented and discussed. 
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1. Introduction 
At the Plasma and Beam Physics (PBP) Research Facility, Chiang Mai University, Thailand, the 
project to produce THz transition radiation based on femtosecond electron bunches has been established 
for many years [1]. The accelerator system consists of an S-band (2.856 GHz) thermionic RF electron gun 
[2], a magnetic bunch compressor in a form of an alpha-magnet [3], an S-band travelling wave linear 
accelerator (linac), and various beam diagnostic components.  Electron beams with a bunch charge of 
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about 16-96 pC and an rms bunch length as short as 70 fs were experimentally measured. When the 
electron bunches with the mentioned bunch length pass through an undulator, the radiation with a 
frequency of about 0.3 to 3 THz is emitted in phase resulting in an intense coherent radiation. However, 
the intensity of the coherent radiation falls off at the frequency higher than 3 THz or at the wavelength 
shorter than 100 m. When the radiation wavelength is shorter than the electron bunch length, the 
incoherent radiation part dominates the coherent radiation part. To increase the radiation intensity, an 
external electric field can be used to stimulate the electrons to emit more coherent radiation via a 
microbunching process. The external field must have a frequency and phase such that the electrons loss 
their energies into the radiation. This mechanism is a basic principle in production of free-electron lasers, 
which can be achieved either using a long undulator, or an external seed laser, or a reclying spontaneous 
undulator radiation. The later principle is commonly used in a compact, low energy, and long radiation 
wavelength free-electron laser. 
A possibility to develop an infrared free-electron laser (IR FEL) facility is studied at Chiang Mai 
University. The project focuses on the production and utilization of the mid-infrared (MIR) and far-
infrared (FIR) or THz radiation based on a linac injector and free-electron laser technology [4]. The goal 
of the project is to produce the intense coherent radiation with tunable wavelengths covering from 2.5-20 
m (MIR) to 20-200 m (THz). 
 
Fig. 1.  Schematic layout and components of the possible IR FEL system at Chiang Mai University, Thailand 
 
A plan to upgrade the existing PBP linac system to be the injector for both coherent THz transition 
radiation and free-electron lasers is proposed. The foreseen FEL facility will consist of a thermionic 
cathode RF-gun, an alpha-magnet, an S-band SLAC-type linac, a 180o achromat section, a planar type 
undulator, and an optical resonator (Fig. 1). Details of the components in the current PBP linac system 
were already reported in [1]. The 180o achromat section, the undulator magnet, and the optical cavity are 
new components, which are under detailed consideration. The undulator magnet is chosen to be a planar 
type with 22 periods and a total length of 1.67 m. The optical cavity composes of two symmetric 
spherical mirrors with a coupling hole on one of the mirrors. To design and optimize the 180o achromat 
section, we adopt the magnet lattice of the Kyoto University Free-Electron Lasers (KU-FEL) for initial 
study. The achromat section consists of three 60o bending magnets and two sets of doublet quadrupole 
magnets. Details of the KU-FEL achromatic system have been described in [5]. Schematic layout of the 
proposed IR FEL at Chiang Mai University is shown in Fig. 1.  
For benchmark, we have investigated the injector parameters of the MARK-III FEL of Duke 
University, USA [6] and the FEL SUT of Tokyo University, Japan [7]. Both facilities use the same type 
of the electron source, the magnetic bunch compressor and the accelerating section as the current PBP 
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linac system. The beam dynamics study and optimization of the proposed injector system starting from 
the parameters of both accelerators [6, 7] are performed to achieve the proper electron beam properties for 
driving the IR FEL. The computer code PARMELA (Phase and Radial Motion in Electron Linear 
Accelerator) [8] has been used to investigate multi-particle beam dynamics from the RF-gun to the exit of 
the 180o achromat section and to optimize the electron beam lattice parameters. For the FEL radiation due 
to the interaction between the electron beam and the undulator magnetic field, the study has been studied 
using the numerical code GENESIS 1.3 [9]. Some preliminary results of the FEL simulation are presented 
and discussed in the last section of the paper.  
2. Electron Beam Optimization 
The FEL performance depends greatly on electron beam characteristics. Generally, the injector system 
for the FEL facility should produce electron beams with high peak current, small transverse emittance, 
and low energy spread in order to generate intense coherent FEL light in an undulator. In this study, we 
focus on optimization of longitudinal electron beam properties by adjusting the parameters of three main 
components; the RF-gun, the linac, and the 180o achromatic section. 
PARMELA simulations were performed to study electron beam dynamics in all components, except 
the alpha magnet. Since the goal of the optimization aims to produce electron beams with a very low 
energy spread (<1%), the electrons with high energy level have been optimized to form a quasi-
monogenetic beam at the head of the bunch. Therefore, the compression in the alpha-magnet for this 
useful part of the bunch can be neglected. In this case, the alpha-magnet will serve only as the energy 
filter element. Some small energy spread will be induced during the post acceleration of the electron 
beam through the linac leading to the electron distribution suitable for the bunch compression 
downstream the linac. In our case, the 180o achromat is used as both turn around section and as the 
magnetic bunch compressor. For the simulation of multi-particle beam dynamics, we assume that the 
cathode emits a uniform stream of 30,000 (macro) particles per 2.856 GHz with a current of 2.9 A. Thus, 
a single particle represents a charge of 33.85 fC, which equivalents to 2.12x105 electrons. 
2.1. Beam dynamics simulation of the RF-gun 
The RF-gun at the PBP facility is a one and a half-cell S-band resonant cavity with a thermionic 
cathode and a side coupling cavity. To simulate the RF field distribution inside the RF-gun, the code 
SUPERFISH is used [10]. Then, the particle-in-cell code PARMELA is utilized to track multi-particles 
through the fields obtained from the SUPERFISH simulation. 
The accelerating field gradients of both half- and full-cell cavities were adjusted to produce an 
electron bunch with low energy spread, especially at the head of the bunch. These concentrated electrons 
at the head of the bunch will be the main contribution in the FEL lasing. The field ratio of the RF-gun is 
defined as a ratio of the accelerating field amplitudes at the cathode plane and at the center of the full-cell. 
For the field ratio of 1:2 with the accelerating field gradients of 35 and 70 MV/m, the RF-gun provides an 
electron beam with low energy spread at the head of the bunch. The three dimensional electron beam 
distributions at the RF-gun exit are shown in Fig. 2. The distributions for transverse and logitudinal phase 
spaces are shown in Figs. 3 and 4, respectively.  
The electron bunch that actually exits the RF-gun is about 100 ps long (Figure 4). The high energy 
electrons with small energy spread are accumulated at the head of the bunch of about 10-15 ps, which is 
the most useful fraction of the bunch. Then, the electron bunches are filtered by the energy slits inside the 
vacuum chamber of the alpha-magnet to remove low energy electrons. For the RF-gun condition noted 
above, we set the energy filter level at 3.81 MeV. This leads to the output electron beams with the 
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maximum electron energy of 3.91 MeV and the rms energy spread of 0.82%. Parameters of the electron 
beam after energy filtering using the alpha-magnet energy slits are listed in Table 1. 
 
Fig. 2. Three dimensional particle distributions at the RF-gun exit for the field ratio of 1:2 and the accelerating field amplitudes of 
35 and 70 MV/m 
 
Fig. 3. (a) Particle distributions in x-y plane and (b) Transverse phase space distribution (x- - ) at the RF-gun exit 
 
 
Fig. 4. Particle distributions in longitudinal phase space (energy-time) at the RF-gun exit  
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Table 1. Parameters of RF-gun and its output electron beam 
Parameter Value 
. 
Field ratio 
 
1 : 2 
Accelerating field 
 
Half-cell: 35 MV/m 
Full-cell: 70 MV/m 
 
Beam output energy 
    - Average  
    - Maximum 
    - Minimum 
Energy spread 
Energy filter level 
Bunch length (FWHM) 
Bunch charge 
 
 
3.91 MeV 
3.94 MeV 
3.81 MeV  
0.82 % 
3.81 MeV  
15 ps  
33 pC 
2.2. Beam dynamics simulation of the Linac 
The linac at the PBP facility is an S-band SLAC-type travelling wave linear accelerator. In this study, 
we consider that the electron beam is accelerated through the linac to reach an average energy of about 15 
MeV.  In order to achieve an electron bunch with low energy spread, the linac initial phase is varied 
between 0o and -90o relative to the reference particle phase at the entrance of the linac. Then, the number 
of particles is counted within the desired energy bin (1% in this study). Figure 5 shows the number of 
particles within 1% energy spread (N1%) normalized to the total number of the particles entering the linac 
(Ntotal) for different linac phases. 
The energy gain from the linac can be adjusted by optimizing the product of the accelerating field (E0) 
and the transit-time factor (T), which is linearly proportional to the electron energy at the linac exit. The 
product of the accelerating field and transit time factor (E0T) has been optimized to achieve the electron 
beam with low energy spread and short bunch length at the exit of the 180o achromat section. The 
optimized value of E0T is 4 MV/m, which provides the final maximum and average electron energies of 
15.6 and 15.4 MeV, respectively. The longitudinal phase space distributions of the particles at the exit of 
the RF-gun and at the exit of the linac for the linac initial phase of -53.7o are illustrated in Figure 5. 
Parameters of the electron bunch after exiting the linac are shown in Table 2. 
 
Fig. 5. Number of particles within 1% energy spread normalized to the total number of the particles entering the linac as a function 
of the linac initial phase respect to the reference particle phase entering the linac 
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Fig. 6. Particle distributions in longitudinal phase space of all particles at (a) the RF-gun exit for the field ratio of 1:2 and the 
accelerating field amplitudes of 35/70 MV/m and (b) the linac exit with the linac accelerating initial phase of -53.7o and the product 
between the accelerating field gradient and the transit time factor (E0T) of 4 MV/m 
Table 2. Parameters of the linac and the electron beam exiting the linac 
Parameter Value 
. 
Accelerating length 
 
3 m 
Initial phase 
 
-53.7o w.r.t. reference 
particle entering linac 
 
Beam output energy 
    - Average  
    - Maximum 
    - Minimum 
Energy spread 
Energy filter level 
Bunch length (FWHM) 
Bunch charge 
 
 
15.4 MeV 
15.6 MeV 
15.2 MeV  
0.78 % 
3.81 MeV  
10.1 ps  
33 pC 
2.3. Beam dynamics simulation of the 180° achromat and the bunch compressor 
In this study, we consider the 180° achromat as a turn-around element and a magnetic bunch 
compressor.  It is a triple bend type consisting of three dipole magnets and two sets of quadrupole 
magnet, which are placed at the straight section between the dipoles (see Fig. 1.). The goal of the 
optimization of this section is to establish the parameters of the dipole and the quadrupole magnets as 
well as the drift lengths for transporting the electron beam through and exit the section with a shorter 
bunch length and no change of energy spread. 
The dipole magnets have the deflecting angle of 60o and the effective length of 35 cm. The electron 
bunch length can be adjusted by changing the gradient of the doublet quadrupoles to have the minimum 
bunch compression condition. At the electron beam energy of 15.4 MeV, the simulated shortest electron 
bunch length of 0.85 ps is achieved with the doublet quadrupole  strengths of 56.4 m-2 and -44.6 m-2, 
respectively. The particle distributions and energy spectrum of the electron bunch at the exit of the 180o 
achromat section with the optimized condition are shown in Fig. 7. Optimized specifications of the 
918   S. Suphakul et al. /  Energy Procedia  34 ( 2013 )  912 – 920 
components in the 180o acromat and the electron beam parameters at the exit of the acromat section are 
listed in Table 3. 
 
Fig. 7.  Particle distributions in longitudinal phase space at the 180o achromat exit 
Table 3. Specifications of the components in the 180° achromat and the electron beam parameters at the achromat exit 
Parameter Value 
Bending magnet  
    - Defection angle 60o 
    - Effective length 
    - Curvature  
Quadrupole 
    - Focusing strength 
     - Defocusing strength 
Beam output energy 
    - Average 
    - Maximum 
    - Minimum 
Energy spread 
Bunch length (FWHM) 
Bunch charge 
Peak current 
35 cm 
2.99 m-1 
 
56.4  m-2 
- 44.6  m-2 
 
15.4 MeV 
15.6 MeV 
15.2 MeV 
0.74 % 
0.85 ps 
33 pC 
38.8 A 
3. FEL Simulations 
 The code GENESIS 1.3 is used to simulate the FEL radiation due to the interaction between optical 
fields and an electron beam inside the undulator. At this early stage, the simulations have been performed 
in the time-independent mode. The undulator considered for the IR FEL at CMU is a planar type with 
specifications listed in Table 4. The undulator gab is adjustable to vary the deflection parameter (K) 
between 0.4 and 2.6 in order to provide the radiation wavelengths of 50-  As an example, the 
electron beam with an average energy of 15 MeV and an rms bunch length of 1 ps is used in the initial 
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simulations. Some preliminary required beam parameters used in the simulations are given in Table 4. 
The optical cavity length is set to be 5 m with the diffraction and out coupling losses in the cavity of 5%.  
Fig. 7 shows the time evolution of the simulated FEL radiation peak power at radiation wavelengths of 
200, 100, 75 and 50 m for the electron beam with an average energy of 15 MeV, an rms energy spread 
of 0.5%, and a peak current of 30A. It can be seen that the longer FEL radiation wavelength reaches the 
power saturation faster than the shorter one. The numbers of round trips needed to accumulate the 
radiation amplification until reaching the saturation condition are within 60 turns for the radiation 
wavelengths of 200, 100 and 75 m, while it needs 120 turns for the case of 50 m. It seems that 
GENESIS simulation in the time-independent mode has a limit of the simulation for the case of electron 
bunch length shorter than the radiation wavelength. Further study using the code GENESIS in time-
dependent mode together with the Optical Propagation Code (OPC) [11] will be performed. 
Table 4. Undulator and electron beam parameters used in FEL simulations 
Parameter Value 
Undulator type Planar 
Undulator period length 7.7 cm 
Number of undulator period 
Undulator deflecting parameter 
Beam energy 
Energy spread 
Bunch length (RMS) 
Peak current 
Normalized emittance ( x, y) 
Beam transverse size (  x,   y) 
Twiss parameters ( o, o) 
22 
0.036 - 3.39 
15 MeV 
0.5% 
1 ps 
30 A 
3 mm-mrad 
0.42 mm 
0.72, 0 
 
 
Fig. 8. Calculated time evolution of the peak power at the radiation wavelengths of 200, 100, 75 and 50 m for the electron beam 
with an average energy of 15 MeV, an energy spread of 0.5 %, and a peak current of 30 A 
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4. Conclusion 
The longitudinal beam dynamics of the injector system for an IR FEL at Chiang Mai University has 
been studied using numerical simulations. The results have achieved the parameters suitable for the IR 
FEL lasing requirements. By properly adjusting the machine parameters, the electron bunches exiting the 
180° achromat section have an average energy of 15.4 MeV, an rms energy spread of 0.74%, a bunch 
length of 0.85 ps, and a bunch charge of 33 pC. Further studies and optimization will be proceeded to 
investigate both transverse and longitudinal electron beam dynamics. The initial study of the FEL 
radiation with wavelengths of 50 to 200 m has been performed for the electron beam energy of 15 MeV 
and the bunch length of 1 ps without considering the slippage influence.  The total FEL peak power in the 
optical cavity of about 108 W can be achieved. However, the time-dependent simulation including optical 
cavity parameters will be conducted to investigate the realistic loss in the cavity and the slippage effect.  
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